The spiral modiolar artery with its proximal branches and the microvessels in the spiral ligament and the stria vascularis were microdissected from the guinea pig cochlea. After incubation with proteolytic and collagenolytic enzymes the mixed cell suspension was fractionated by gradient centrifugation. The cells migrated according to their buoyant densities into the fractions of 1.04 g/ml (endothelial cells), 1.06 g/ml (vascular smooth muscle cells obtained from the spiral modiolar artery; strial pericytes) and 1.08 g/ml (pericytes obtained from the spiral ligament). To test for viability cells were loaded with a fluorescent vital stain (BCECF-AM); for identification, cell-specific staines were used. Identity of endothelial cells (ECs) was confirmed using acetylated low density lipoprotein fluorescently labeled with dioctadecyl-tetramethyl-indocarbocyanine perchlorate (DiI-AC-LDL). Pericytes were identified immunofluorescently using the method according to Nayak et al. (1988). Vascular smooth muscle cells were stained for F-actin with rhodamin-phalloidin.
Introduction
The inner ear is unique in the number and the variety of microvascular networks present in its tissues (Smith, 1951 Smith, 1973 Axelsson, 1968 Axelsson and Vertes, 1978; Hawkins, 1968 Hawkins, , et al., 1972 Hawkins, , 1976 Nomura and Hiraide, 1968; Lawrence, 1970; Lawrence and Clapper, 1973; Wersall et al., 1973; Kimura and Ota, 1974; Ritter, 1974; Maass, 1982) . These networks receive their blood supply from the spiral modiolar artery, which winds behind the bony wall of the cochlear modiolus around the modiolar tissues. This artery gives off three branches at regular intervals. One branch feeds four independent microvascular networks in the lateral wall tissues: the suprastrial capillaries in the spiral ligament, the strial capillaries, the longitudinal vessels of the spiral prominence and the microvessels of the spiral ligament. The second branch leads toward the parallel capillary networks of the limbus, the tympanic lip (inner spiral 'vessel') and the outer spiral 'vessel' of the basilar membrane.
The third branch feeds capillaries within the modiolar tissue: the cochlear plexus (Jahnke, 19801 , the spiral ganglion and the auditory nerve. The primary branches coil upon themselves before they penetrate the bony wall of the modiolus to form the 'glomeruli arteriosi' (Schwalbe, 18871, also designated as 'vascular spring coils ' (Smith, 1951; Axelsson, 1968) or 'convolutes' (Axelsson, 1968; Ritter, 1974) .
The complexity of this vascular network seems reflected in the regulation of cochlear blood flow. Measurements in vivo have established that cochlear blood flow depends on systemic blood pressure and cardiac x4 K. Lunm et ul. /Hearing Research HI (1994) X-90 output. However, less is known from in-vivo studies about local factors of vascular control systems in the cochlea as neural, humoral and metabolic, endothelial, and myogenic regulatory mechanisms (for a review see Lamm, 1992) . In order to understand molecular mechanisms involved in the complex interplay of intrinsic myogenic vascular tone, vasomotion and permeability within the various cochlear vascular beds we need to approach the subject at the cellular level. So far there has only been one attempt to culture endothelial cells derived from the bovine vascular stria and spiral ligament to examine permeability for horseradish peroxidase (Bowman et al., 1985) . Therefore we have now established an isolation procedure for viable single cells from cochlear microvessels of the guinea pig yielding endothelial cells (ECs), pericytes (PCs> and vascular smooth muscle cells (VSMCs).
Materials and methods

Microdissection of cochlear vessels
Healthy adult pigmented guinea pigs weighing 250-350 g were decapitated, after which the temporal bones were rapidly removed and the bulla opened. Temporal bones were then transfered into Hanks' balanced salt solution (137 mM NaCl, 5.4 mM KCl, 1.25 mM CaCl,, 0.5 mM MgCl,, 0.4 mM MgSO,, 0.44 mM KH*PO,, 5.5 mM D-glucose; Gibco, Bethesda, MD) which was buffered with 5 mM sodium HEPES (N-2-hydroxyethylpiperazine-N-2-ethane-sulfonic acid) and adjusted to pH 7.4 with 1 N NaOH and to 300 f 2 mOsm with 4 N NaCl. All procedures were carried out at room temperature unless indicated.
Under the dissecting microscope, the bony wall of the cochlea was carefully opened at the apex and removed turn by turn. The lateral wall tissues were peeled off and then the vascular stria was separated from the spiral ligament. The samples were transfered into separate microtubes containing 160 ~1 of KELA-medium: 5 ml of 10 x Gibco M 199 with Earle's Salt (Gibco, Bethesda, MD) diluted in 25 ml of 29 mM HEPES (Sigma, St. Louis, MO), supplemented with 0.1% bovine serum albumin (Lyophilized Powder, Sigma, St. Louis, MO), 10% fetal calf serum (FCS), penicillin (10,000 U/ml> and streptomycin (100 pg/ml) and finally adjusted to pH 7.4 and 300 f 2 mOsm. The spiral modiolar artery with its primary branches was approached via the bony modiolus, separated from the modiolar tissue and transfered into a microtube containing KELA-medium.
Enzymatic incubation of dissected preparations
The extracellular matrix of the spiral modiolar artery was digested for 12-16 h at 37°C in KELA-medium 
Staining with BCECF-AM for cell lliability
Cells were stained for viability using 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester (BCECF-AM, Molecular Probes Inc., Eugene, OR). One-millimolar stock solutions of BCECF-AM were prepared in dry dimethyl sulfoxide (DMSO, Sigma, St. Louis, MO) and stored at -20°C.
Final solutions were always freshly prepared in KELAmedium at a concentration of 2.5 pM/ml. For dye loading, the cell suspensions were incubated for 30 min in a humified dark chamber, washed two times with KELA-medium and then transfered onto the gradients for centrifugation. Dual staining with cell identifying reagent and BCECF-AM for viability was performed with PCs only. VSMCs were first stained and scored for viability with BCECF-AM and then permeabilized and stained for F-actin as described above. ECs were singly stained, either with BCECF-AM or with the speicific probe DiI-Ac-LDL.
The percentage of viable VSMCs and PCs after gradient centrifugation was calculated from 5 experiments with each cell type in each of which 100 cells were counted using a hemocytometer. In addition, 3 experiments were performed with BCECF-AM-loaded PCs which had not been immunofluorescently labeled. Since ECs appeared in cell clusters of various size, the percentage of viable clusters was calculated in 5 experiments in each of which 50 clusters were counted.
Mixed cell suspensions were also scored for viability before gradient centrifugation. This analysis was performed in 2 experiments of each of the three cell suspensions obtained from the spiral modiolar artery, spiral ligament and vascular stria.
Density gradient centrifigation
In order to separate ECs, PCs and VSMCs from one another and from cellular debris and nonvascular cells, the mixed cell suspensions were transfered onto preformed gradients. The nontoxic, nonionic, isotonic density gradient medium (290 mOsm; 1.15 g/ml) NycodenzR (Nycomed Pharma, Oslo, Norway) was diluted by addition of the gradient diluent (251 mOsm; 1.003 g/ml) which consisted of 0.75% NaCl dissolved in 0.3 mM CaNa,EDTA, 5 mM Tris-HCl (pH 7.5) and 3.0 mM KC1 (Ford and Rickwood, 1982; Rickwood et al., 1982) . Four-step gradients were formed in 5 x 20 mm microtubes by underlayering 40 ~1 each of four solutions of different densities (see results). Continuous gradients were allowed to form by diffusion with tubes laid horizontally for 45 min. Fourty ~1 of cell suspensions were placed onto the gradient and centrifuged in a swinging bucket rotor for 40 min at 800 g. Five fractions of 40 ~1 each were removed from the top by pipetting and maintained in a saturated humid chamber on micro cover glass slips (thickness 0.13 mm) for microscopic observation and photomicrography.
Microscopy and photomicrography
Cells were observed and photographed with an inverted microscope (Leitz Fluovert; Nikon DIAPHO-TMD) equipped with an epifluorescence system (ArcLamp HBO 100 W; a 450-490 nm and 515-560 band pass exciter filter set, 510 nm dichroic mirror, and a 520 nm barrier filter for excitation and emission, respectively) and Leitz 160/-NPL FLUOTAR 60/1.00 oil immersion objectives. Photomicrographs were taken both as brightfield images on 160 T Kodak Ektachrome film exposed at 160 ASA and fluorescence photomicrographs on P800/1600 Kodak Ektachrome film exposed at 1600 ASA using two cameras (NIKON F 90; NIKON FG 20) .
In order to prevent photobleaching, the excitation irradiance was reduced by a 75% neutral density filter, and the fraction containing the cells was supplemented with 40 ~1 of 1 mM p-phenylenediamine dihydrochloride (Sigma, St. Louis, MO). Under these conditions, no significant photobleaching was noted with illumination of up to 1 min, sufficient for all observations and photography.
Animal welfare
This study was performed in accordance with the PHS Policy on Human Care and Use of Laboratory Animals, the NIH Guide for the Care and Use of Laboratory Animals, and the Animal Welfare Act (7 U.S.C. et seq.); the animal use protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Michigan.
Results and discussion
Vascular smooth muscle cells
Our microdissection technique was successful in preparing the entire spiral modiolar artery with its primary branches, the 'vascular spring coils' of the radiating arterioles. From these preparations, viable single VSMCs with a diamter of 10 to 12 pm and viable VSMC-clusters consisting of 3 to about 50 cells were isolated.
Dosis and enzyme mixture used by Droogmans et al. (1987) and Simard (1991) in order to disperse smooth muscle cells from the basilar artery of guinea pigs was modified: DNase was not added to the enzymatic digestion medium since viability of VSMCs isolated from the spiral modiolar artery decreased significantly. Similar, incubation in Ca2+-free medium was avoided so as trypsination. The composition of medium (KELAmedium) was in accordance to Bowman et al. (1985) with some modification: bovine serum albumin and fetal calf serum were supplemented and fungistatic drugs were not added. The KELA-medium was carefully adjusted to 300 & 2 mOsm to prevent swelling or shrinking of isolated cells.
According to observations in fixed tissue specimens using transmission electron microscopy (TEM) the internal wall of the spiral modiolar artery is composed of ECs, covered by an elastic layer and up to three layers of VSMCs with a diameter of about 15 pm (Kimura and Ota, 1974) . Freshly isolated viable contractile cells as VSMCs tend to round up in the medium and therefore appear somewhat smaller than in situ, Neither by fluorescence staining nor by morphological features could we identify any VSMCc in preparations derived from the vascular stria or the spiral ligament. These findings confirm investigations with fixed specimen of the spiral ligament (Schicker, 1958; Iurato, 1962; Naumann, 1965; Hawkins et al., 1972; Kimura and Ota, 1974; Spoendlin, 1981) and strial microvessels (Rauch and Reale, 1968; Kimura and Schuhknecht, 1970; Kimura and Ota, 1974) .
After permeabilization with saponin ( Fig. la) and incubation with rhodamin-phalloidin VSMCs exhibited a bright red-orange fluorescence indicating the presence of F-actin underneath the cell membrane in the cytoplasm (Fig. lb) . Fluorescent phalloidin derivates have been established as highly specific visual markers for F-actin that mediates contractility and motility of VSMCs (Wieland, 1987) .
Endothelial cells
Viable ECs were obtained from each of the three preparations, the spiral modiolar artery, the vascular stria and the spiral ligament. Diameter of single ECs was about 2 to 3 pm, irregardless of the vascular bed from which they were derived (Fig. 2a) . EC-clusters were of extremely various size and shape (ranging from 10 to 1000 cells).
Unlike enzyme treatment in order to isolate ECs from the spiral modiolar artery elastase and trypsin inhibitor was not required for dispersion of capillary ECs from the lateral wall tissue preparations. The capillary wall is composed of ECs and adjacent PCs, however they are not covered by an elastic layer and VSMCs. Therefore treatment with a commercial preparation of collagenase and dispase was adequate to obtain ECs from strial capillaries as described by Bowman et al. (1985) . A more agressive treatment with higher dosis of collagenase in order to yield ECs from bovine spiral ligament as used by Bowman et al. (1985) was not required, since our preparations were incubated four times as long.
Shape and size of freshly isolated viable ECs are comparable to those observed in fixed tissue specimens using TEM. Kimura and Ota (1974) described the arterial wall of the spiral modiolar artery to be composed of ECs with a diameter of 2 to 4 pm. Direct information of the size of ECs in the vascular stria and the spiral ligament has not yet been provided. However, capillary diameter averages between 3.5 pm (Axelsson, 1968) and 6.4 pm (Kimura and Ota, 1974) in the stria and 4 to 5 pm in the spiral ligament (Kimura and Ota, 1974) . Therefore, the respective ECs should be of comparable size. Bowman et al. (1985) did not observe any significant differences in morphology of cultured ECs isolated from bovine capillaries of the stria and the spiral ligament.
Both single ECs and EC-cluster exhibited a brilliant orange fluorescence after incubation with DiI-Ac-LDL (Fig. 2b) . Lab e mg of ECs with DiI-Ac-LDL seems the 1' most reliable identification. Cultured ECs bind, internalize, and degrade LDL via receptor-mediated pathway (Vlodavsky et al., 1978) and it has been demonstrated that cultured bovine retinal as well as aortic ECs, but not cultured retinal PCs or VSMCs possess the scavanger pathway for AC-LDL metabolism (Voyta et al., 1984; Tontsch and Bauer, 1989; Morse and Sidikaro, 1990) . Other markers such as antibodies against factor VIII-related antigen or immunofluorescence staining for angiotensin-converting enzyme activity are not as uniformly effective and consistent compared to DiI-Ac-LDL (Voyta et al., 1984) . In the present study with freshly isolated viable single ECs and EC-clusters we could confirm brilliant fluorescence as described in cultures of DiI-AC-LDL-labeled ECs obtained from non-cochlear vessels. Neither isolated PCs nor VSMCs exhibited any fluorescence after incubation with DiI-Ac-LDL.
Pericytes
Viable single PCs isolated from microvessels of the vascular stria were about 10 pm in diameter. In many strial pericytes slender cell processes adhered to the cell surface. In contrast, isolated PCs from microvessels of the spiral ligament did not show cell processes (Fig.  3a) , and were somewhat larger in diameter (15 to 20 pm>. In order to isolate viable single PCs from cochlear capillaries of the lateral wall tissue dosis and enzyme mixture used for isolation of ECs from these preparations was not changed.
PCs have been described in fixed tissue specimen adjacent to strial capillaries (Rauch and Reale, 1968; Kimuara and Schuknecht, 1970; Kimura and Ota, 1974; Sakagami et al., 1982; Anniko and Bagger-Sjobick, 1984) , adhering to the microvessels in the spiral ligament (Schicker, 1958; Axelsson and Vertes, 1978; Kimura and Ota, 1974; Sakagami et al., 1982; Watanabe, 1986 ) and spiral prominence (Axelsson, 1968 , v. Ilberg et al., 1968 . However, quantitative data are not available from these studies.
After immunofluorescent labeling, the cell membrane of PCs was stained bright red, irrespective of the vascular bed from which they were isolated (Fig. 3b) . The mAb 3G5 antibody is highly specific for PCs. It will specifically bind to a glycolipid antigen on the cell surface of microvascular calf retinal pericytes (Nayak et al., 1988) and human brain pericytes (Schlingemann et al., 1990) . In the present study we could confirm the expression of this antigen in PCs derived from the guinea pig cochlear microvessels of the vascular stria and of the spiral ligament. In contrast, ECs and VSMCs did not exhibit any fluorescence using this immunofluorescent labeling.
Freshly isolated single PCs did not exhibit the typical orange-red fluorescence of F-actin as observed in VSMCs. In contrast, several studies of cultured PCs from noncochlear tissues have indicated the presence of actin (Kelley et al., 1987; DeNofrio et al., 1989; Sims, 1986; DeNofrio et al., 1989; Buchanan and Wagner, 1990; Diaz-Flores et al., 1991; Tilton, 1991 and Nehls and Drenckhahn, 1993) . However, expression of F-actin in cultured cells may be related to the development of stress fibers which permii these cells to attach to the substratum of culture flasks (Darnell et al., 1990) . Furthermore, while alpha-smooth muscle actin was seen inconsistently in cultures of bovine retinal PCs, it was absent from these cells in situ (Nehls and Drenckhahn, 1993) .
Viability
The BCECF fluorescein derivates are widely used as intracellular fluorescent pH indicators, but also as a marker of cell membrane integrity and hence, for cell viability. The membrane permeant BCECF-AM is loaded into cells and hydrolized to the fluorescent tetracarboxylic acid by cytoplasmic esterases. The fluorescent acid accumulates in viable cells since it cannot traverse intact membranes as a polar compound. The cells therefore exhibit green fluorescence (520-560 nm) when excited by blue light (450-490 nm) .
Viability scores of EC-clusters isolated from the spiral modiolar artery, the spiral ligament and the stria vascularis did not differ from each other. After isolation, 65% + 12% of EC-clusters were viable which may reflect a greater sensitivity to enzymatic or mechanical treatment. In this context, it is interesting to note that approximately 30% of EC-clusters did not exhibit the bright red fluorescence after incubation with DiI-Ac-LDL. Internalization of this ligand requires energy and intracellular degradation (Darnell et al., 1990) . Our results imply that only viable ECs will stain with Di-Ac-LDL. The viability of VSMCs obtained from the spiral modiolar artery was 95% f 3%. After dual-staining with BCECF-AM and saponin plus rhodamin-phalloidin viability was maintained for lo-20 min and then lost due to the effect of saponin. PCs were viable at 78% f 6% after isolation and gradient centrifugation, irregardless of whether the cells were dual-stained immunofluorescently and with BCECF-AM or loaded with BCECF-AM only. The cell membrane of both viable and non-viable pericytes was fluorescently stained after incubation with pericyte-specific mAb 3G5 and RITC-IgM as the fluorescent detecting agent. From this observation we suggest that the epitope of the antigen 3G5 is still recognized in nonviable pericytes. Percentage of viability of ECs, VSMCs and PCs before gradient centrifugation did not differ significantly from those values obtained after gradient centrifugation in isotonic solutions of NycodenzR.
Density gradient ten trifuga tion
ECs isolated either from the spiral modiolar artery or from the vascular stria and spiral ligament migrated into the gradient fraction with the lowest density (1.04 to 1.06 g/ml>. Single VSMCs from the spiral modiolar artery were found to collect in the next fraction (1.06 to 1.08 g/ml), and most of the VSMC-clusters consisting of more than 5 up to 50 cells migrated into the fraction with a density of 1.08 to 1.10 g/ml. PCs from strial capillaries collected within the fraction of 1.06 to 1.08 g/ml. and most of the PCs isolated from the spiral ligament were seen in the fraction of 1.08 to 1.10 g/ml. Red blood cells, polymorphogranulocytes, undigested tissue fragments and small pieces of modiolar bone, which could not be cleared off the proximal branches of the spiral modiolar artery were spun into the fraction with a density greater than 1.10 g/ml. Other cellular debris remained in the medium on top of the gradients.
The gradient medium PercollR has been widely used for separating ECs from cerebral cell suspensions, as well as from microvessels from the lateral wall tissue of the bovine inner ear (Bowman et al., 1985) . However, we were not successful in separation of ECs, PCs and VSMCs from one another using this gradient medium. The cells allways migrated into the same fraction, irregardless of densities which had been formed to obtain the gradient and irregardless of the centrifugation procedure. This may be due to the small gradient volume (160 ~1) of the microtubes (5 X 20 mm> which had been used in our separation procedure in contrast to 10 ml preformed Percoll gradients used by others. In consideration of the small amount of tissue microdissected from the cochlea and the relatively small volume of the mixed cell suspension obtained after enzymatic digestion we prefered the microtubes. The gradient medium NycodenzR provided superior separation according to the buoyant densities of cochlear VSMCs, PCs and ECs.
Conclusion
With the microdissection and cell isolation techniques described in the present method paper it has now become possible to investigate distinct and identifiable viable cell types derived from various microvascular beds of the inner ear. These preparations lay the basis to examine local mechanisms involved in receptor-mediated vasomotion and regulation of cochlear blood flow. These studies will enhance the understanding of how these cells interact with hormones, plasma constituents, blood cells and drugs. Furthermore, investigations of transendothelial transport may provide insight into molecular processes related to vascular permeability at the blood-strial endothelium barrier and the blood-perilymph barrier. Such in-vitro investigations may not only contribute to the understanding of cochlear physiology and the pathogenesis of various cochlear disease processes, they also may be of great therapeutic interest.
